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Abstract
Inverted duplicates (IDs) are pervasive in genomes and have been reported to play functional roles in various biological
processes. However, the general underlying evolutionary forces that maintain IDs in genomes remain largely elusive.
Through a systematic screening of the Drosophila melanogaster genome, 20,223 IDs were detected in nonrepetitive
intergenic regions, far more than expectation under the neutrality model. 3,846 of these IDs were identiﬁed to have stable
hairpin structure (i.e., the structural IDs). Based on whole-genome transcriptome proﬁling data, we found 628 unannotated
expressed structural IDs, which had signiﬁcantly different genomic distributions and structural properties from the
unexpressed IDs. Among the expressed structural IDs, 130 exhibited higher expression in males than in females (i.e., male-
biased expression). Compared with sex-unbiased ones, these male-biased IDs were signiﬁcantly underrepresented on the X
chromosome, similar to previously reported pattern of male-biased protein-coding genes. These analyses suggest that
a selection-driven process, rather than a purely neutral mutation-driven mechanism, contributes to the maintenance of
IDs in the Drosophila genome.
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Introduction
An inverted duplicate (ID) consists of two perfect or nearly
perfect duplicates (here called ‘‘arms’’) of a particular DNA
sequence that are located next to each other in reverse ori-
entation. An ID is termed as ‘‘palindrome’’ when the dis-
tance between the arms (here called ‘‘spacer length’’) is
zero. IDs have been observed in excess amounts in various
organisms, including bacteria (Ladoukakis and Eyre-Walker
2008), yeast (Strawbridge et al. 2010), and humans (Wang
and Leung 2009). Functional roles have been reported for
several individual IDs (Tao, Masly, et al. 2007; Gleghorn
et al. 2008; Larson et al. 2008; Okamura et al. 2008; Randau
et al. 2009; Bussmann et al. 2010; Geraldes et al. 2010).
However, sequence instability caused by IDs has also been
documented (Mizuno et al. 2009; Tanaka and Yao 2009;
Darmon et al. 2010). A functionless ID would be expected
to accumulate deletions until its complete loss from the
genome (Yang et al. 2008). Thus, an excess number of
IDs indicates functionality as a maintaining force. Despite
individual case reports, the general mechanism of ID func-
tion is unknown. One possibility is that IDs function
through their encoded hairpin RNAs, or stem loops, which
consistofadouble-strandedRNAstemandaterminalloop
(supplementary fig. S1, Supplementary Material online).
The formation of hairpins in microRNA (miRNA) precur-
sors is important for their biogenesis and regulatory func-
tions (Ruby et al. 2007).
Differences in chromosome composition between males
and females provide opportunities to understand the func-
tionofhairpinRNAs.Sexchromosomesoftenshowdistinct
evolutionary patterns related to their speciﬁc genetics and
biology. Due to the hemizygosity of the X chromosome in
males, nonneutral mutations in autosomes and the X chro-
mosome are subject to different selective dynamics from
each other and are consequently expected to evolve at dif-
ferent rates, which leads to an uneven distribution of evo-
lutionary changes between the X chromosome and the
autosomes (Rice 1984; Charlesworth et al. 1987; Vicoso
andCharlesworth2006;EllegrenandParsch2007).Thispre-
diction is supported by mounting experimental evidence,
which has demonstrated that many genes expressed exclu-
sively or preferentially in one sex are distributed unevenly
between the sex chromosomes and autosomes in Drosoph-
ila melanogaster (Parisi et al. 2003; Ranz et al. 2003;
Vibranovski, Zhang, and Long 2009; Zhang, Vibranovski,
Krinsky, and Long 2010), Caenorhabditis elegans (Reinke
et al. 2004), mammals (Lercher et al. 2003; Zhang,
Vibranovski, Landback, et al. 2010), and birds (Storchova
and Divina 2006). Notably, studies in D. melanogaster have
revealed that male-biased genes tend to be underrepre-
sented on the X chromosome (Parisi et al. 2003; Ranz
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and Long 2009). However, most of these observations have
focused on protein-coding genes, whereas little is known
about the evolution of noncoding genes.
Given the mounting evidence for the functionality of
noncoding RNAs (Hildebrandt and Nellen 1992; Avner
and Heard 2001; Dai et al. 2008), we took advantage of
the whole-genome tiling array expression data for
D. melanogaster (Gao G, Vibranovski M, Zhang L, et al. un-
published data) to investigate the distribution of intergenic
IDs encoding hairpin RNAs on autosomes and the X chro-
mosome. We found a nonrandom distribution of expressed
IDs: Intergenic IDs encoding male-biased hairpin RNAs were
underrepresented on the X chromosome. Our observations
notonlysuggestthegeneralfunctionalityofnoncodinghair-
pin RNAs but also indicate that meiotic drive and/or more
likely, meiotic sex chromosome inactivation (MSCI) play an
important role in the evolution of noncoding genes.
Materials and Methods
Initial Detection of IDs
WesearchedforIDsintheentiregenomeofD.melanogaster
(dm3, April 2006, downloaded from University of California
at Santa Cruz (UCSC) Genome Browser website, http://
hgdownload.cse.ucsc.edu/) using the program Inverted
Repeats Finder (IRF) version 3.05 (Warburton et al. 2004).
The IRF program assesses IDs using a scoring function in
which positive scores are given for complementary pairs
in the arms and penalties are assigned for mismatches
and insertions/deletions (indels). Here, we assigned a score
of þ2 to each Watson–Crick base pair (A-T or G-C) match,
 3t oe a c hm i s m a t c h ,a n d 5 to each indel. Therefore, the
score of the ID shown in supplementary ﬁgure S1, Supple-
mentary Material online, for example, is 8 because it has 8
matches, 1 mismatch, and 1 indel in the stem.
TheIRFprogramreportsIDsthatsatisfythresholdvalues
for minimum score (MinScore), maximum spacer length
(MaxLoop), and maximum arm length (MaxLength). We
speciﬁed MaxLoop as 80 to ﬁnd IDs with spacers not more
than80ntinlength.WespeciﬁedMaxLengthas10,000and
MinScore as 20 so that all IDs with arm lengths not longer
than 10,000 nt and scores not lower than 20 would be re-
ported. The shortest IDs we detected had perfectly com-
plementary arms as long as 10 nt with zero-length spacer.
In summary, we searched for IDs in the assembled chro-
mosome arms (Chr2L, Chr2R, Chr3L, Chr3R, and ChrX)
using IRF with the following parameters: 2, 3, 5, 70, 10,
20, 10000 nt, 80, –d, –h, and –a3. All of the 80,348 IDs that
we found are here referred to as ‘‘whole-genome IDs.’’
Subsequent Processing of IDs
Because wewere interested inunannotated noncoding IDs,
we ﬁltered the initial data set as described below.
The gene annotation of D. melanogaster was down-
loaded from FlyBase (r5.23, http://ﬂybase.org/)( Wilson
et al. 2008). IDs that did not overlap with any coding genes
(exons and introns) were considered to be intergenic IDs.
Because repetitive regions cause redundancy in the
search for IDs, we excluded all IDs that had any overlap
with regions annotated by RepeatMasker (Smit et al.
1996–2010) or Tandem Repeats Finder (Benson 1999).
WedeﬁnedastructuralIDasanIDcapableoffoldinginto
astem–loopstructureinbothstrands,withthestemformed
by the arms of the ID through base pairings and the loop
formed by the spacer between the arms. To identify struc-
tural IDs, the sequences of all ID regions (including both
arms and the spacer for each ID) were extended by 10 nt
in both ﬂanking regions (to obtain longer stems) and then
folded using the RNAfold program (Zuker and Stiegler 1981;
McCaskill 1990; Hofacker et al. 1994). To make sure that the
two arms of each ID were complementary to each other in
a stable secondary structure, we retained only those IDs
whose extended sequences had structures that satisﬁed
two criteria:1)more than ﬁvepairings (A-U, C-G, G-U), cen-
tered in the middle of the ID, were formed between the re-
gions that corresponded to the ID arms; and 2) the arms
werenotshorterthan21nt,basedonthelengthdistribution
of known small regulatory RNAs (ca. 21–23 nt for small in-
terfering RNA [siRNA], Zamore et al. 2000 and ca. 22 nt for
miRNA, Bartel 2004). Unfolded regions at both terminals
were discarded, and the sequences were refolded (supple-
mentary ﬁg. S2, Supplementary Material online). Those
IDs whose sense and antisense transcripts had folded
stem–loop structures with a minimum free energy (MFE)
notgreaterthan 15kcal/mol(twoalternativecutoffvalues,
 10 and  20 kcal/mol, were also used) were deﬁned as
structural IDs, whereas IDs that were not capable of forming
stem–loop structures in either strand were deﬁned as
nonstructural IDs.
Wehavepreviouslyperformedexpressionproﬁlingofboth
male and female whole body fruit ﬂies, together with the re-
productive organs, including the testis, ovary, and accessory
glands, using Affymetrix tiling arrays (Gao G, Vibranovski M,
Zhang L, et al. unpublished data). Thousands of male-biased
(higherexpressioninmales),female-biased(higherexpression
in females), and unbiased (no signiﬁcant difference between
whole body males and females) transcribed fragments (trans-
frags) were identiﬁed (Gao G, Vibranovski M, Zhang L, et al.
unpublished data). Taking advantage of this data set, we
classiﬁed the 634 structural IDs that overlapped with any
transfragsasexpressedIDsandthe remaining3,212structural
IDs as unexpressed IDs. The expressed structural IDs
potentially encoded hairpin RNAs. Within this data set, only
six IDs overlapped with known noncoding genes, including
oneFlyBase(Wilsonetal.2008)noncodinggene(supplemen-
tary table S1, Supplementary Material online, CR32314-RA)
and ﬁve miRNAs in miRBase (Grifﬁths-Jones et al. 2008)
(supplementary table S1, Supplementary Material online).
Ourdatasetdidnotoverlapwiththeremaining81intergenic
miRNAs because their stems had more mismatches or indels
than our pipeline allowed. We retained the remaining 628
expressed IDs that encoded unknown hairpin RNAs for
further analyses. We referred to structural IDs that overlap-
ped with male-biased but not female-biased transfrags as
‘‘male-biased IDs,’’ to those that overlapped with female-
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and to all others as ‘‘unbiased IDs.’’
We further integrated Manak’s tiling array data over the
ﬁrst 24 h of D. melanogaster development (Manak et al.
2006) and White’s RNA-sequencing (RNA-Seq) data across
the entire life cycle of D. melanogaster (http://
www.ncbi.nlm.nih.gov/geo/, GSE18068) to conﬁrm
whether our unexpressed IDs had no expression in those
data sets, either. The majority of the unexpressed IDs
(2,791/3,212 5 87%) were not expressed in either data
set (supplementary ﬁg. S3, Supplementary Material online),
which demonstrated that they were truly not transcribed.
Simulations
We generated 5,000 randomized ﬂy genomes to assess sta-
tistical signiﬁcance of our data. We shufﬂed only the non-
repetitive intergenic regions because differences in base
compositionsbetweenprotein-codingregionsandrepetitive
intergenicregionswouldpotentiallydistorttheIDfrequency
in the regions of interest. In other words, because we were
focusing on nonrepetitive intergenic regions, we randomly
shufﬂed these regions on the basis of their original sequence
composition while keeping other genomic regions un-
changed to maintain the individual genomic context of
each nonrepetitive intergenic region. Therefore, compared
with the observed intergenic regions, the corresponding
nonrepetitive intergenic regions in the simulated genomes
had different DNA sequences but the same nucleotide
compositions, relative positions, and region lengths.
Results
Abundance of IDs in the D. melanogaster Genome
We identiﬁed IDs (deﬁned as two ID copies of sequences
nearly complementary to each other and separated by
a spacer not more than 80 nt in length) in the genome se-
quenceofD.melanogaster(dm3)usingIRF3.05(Warburton
etal.2004).Intotal,80,348IDswereidentiﬁed(seeMaterials
and Methods), and the overall genome-wide density was as
high as 676 IDs per million bases (Mb). The longest ID,
whose arms were 856 nt in length, was found within intron
2 of the protein-coding gene Cip4 on chromosome 3L
(supplementary ﬁg. S4, Supplementary Material online).
To investigate IDs with unknown functions, we focused
on the 34,937 IDs located in intergenic regions that did not
overlap with any exons or introns of coding genes anno-
tatedinFlyBaser5.23.WefurtherexcludedallIDsthatover-
lapped with repeats annotated by RepeatMasker (Smit
et al. 1996–2010) and Tandem Repeats Finder (Benson
1999). We retained a data set of 20,223 IDs with an average
density of approximately 527 IDs per Mb across nonrepe-
titive intergenic regions.
Characterization of IDs
To obtain an overview of repeat-masked IDs, we further
characterized their sequence features relative to 5,000 ran-
domized genomes simulated based on base composition
(see Materials and Methods).
First, the overall percentages of matches and indels were
similarly distributed in observed and simulated IDs (ﬁg. 1A
and C). However, as shown in ﬁg. 1E and F, the observedIDs
included a higher proportion with longer arms; the simu-
lated IDs tended to be enriched for categories with arm
lengths less than 20 nt (Fisher’s exact test [FET], P 5
0.050), whereas the observed IDs were enriched for almost
all other categories (FET, P 5 0.044). Known small endog-
enous regulatory RNAs are usually longer than 20 nt (Za-
more et al. 2000; Bartel 2004; Kim 2005, 2006). If IDs are
processed similarly to miRNA (i.e., generating mature reg-
ulatory RNAs from their arms), then this contrasting pat-
tern suggests that the observed IDs are more likely to
encode functional RNAs. Furthermore, IDs with longer
arms ( 20 nt) exhibited different patterns of percentages
of matches and indels (ﬁg. 1B and D). Approximately 30%
and 65% of the masked IDs had perfectly complementary
armsandmatchedarmswithnoindels,respectively (ﬁg.1A
and C). However, these proportions dropped to about 0%
and 25% (ﬁg. 1B and D), respectively, for IDs with longer
arms. These results were expected with our detection
method: IDs with longer arms could tolerate more mis-
matchesorindelswhilestillsatisfyingourdetectioncutoffs.
Second, the observed IDs were relatively more A/T rich
than the simulated IDs (ﬁg. 1G). Again, if the stem–loop
structure of an ID must be processed to generate a sin-
gle-strandedRNA, a high G/C content may causean energy
barrier to unfolding such a structure. In other words, this
different distribution of base composition suggests the
functionality of the observed IDs.
Third, the simulated IDs were distributed almost evenly
relative to the spacer length, whereas the frequency of
observed IDs decreased with increasing spacer length. If
the spacer is too long, a stable stem–loop structure may
be difﬁcult to form, again suggesting the functionality of
the observed IDs.
Finally, among the 20,223 repeat-masked IDs, there were
3,846 structural IDs capable of forming stem loops in both
strands and 11,524 nonstructural IDs incapable of forming
stem loops in either strand (see Materials and Methods).
We further classiﬁed the structural IDs into four types
according to their structural motifs (ﬁg. 2): 1) classical
stem looped, 2) stick shaped, 3) pronged, and 4) watch
shaped. This diversity suggests that IDs may have versatile
functions.
Chromosomal Distribution of IDs
Notably, the number of repeat-masked IDs was three times
theexpectedvaluebasedonoursimulations(ﬁg.3;7,016.3±
85.6). We then analyzedthe chromosomal distribution, fold-
ing probability, and expression patternofthese IDs to better
understand why the genome encodes so many of them.
Without repeats masked, IDs were overrepresented on
the X chromosome (8,511 or 24%) relative to the total
length of intergenic regions on all chromosomal arms
(ﬁg. 4A and table 1, FET, P , 2.2   10
 16). However, with
the repeats masked, this enrichment was not statistically
signiﬁcant (ﬁg. 4B and table 1, FET, P . 0.05). Thus, this
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2825FIG.1 .Characterization of intergenic IDs after masking low-complexity regions. (A, B) percentage of matches between the two arms; (C, D)
percentage of indels between the two arms; (E, F) arm length (average of two arms); (G) percentage of A/T in the arms; and (H) spacer length.
Panels A, C, and E are based on all IDs, whereas Panels B, D, and F focus on relatively longer IDs (referred as long IDs, arm length   20 nt). We
ﬁtted the distribution of the numbers of observed and simulated IDs (solid and dashed curves, respectively) using the least-squares method in
Excel 2010. The bars indicate the standard deviation for the simulated IDs.
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element content of the X chromosome. Moreover, struc-
tural and nonstructural IDs were similarly distributed
between the autosomes and the X chromosome (table
2) across different structure prediction cutoffs. Thus, after
accounting for repeat content, IDs appeared to be evenly
distributed between the autosomes and the X chromo-
some. However, it is possible that only a small portion
FIG.2 .Thirty-six randomly selected structural IDs in nonrepetitive intergenic regions. Each ID encodes a structure with arms longer than 20 nt
and a loop not longer than 80 nt. The structures can be classiﬁed into four groups: I) classical stem loop, II) stick shaped, III) pronged, and IV)
watch shaped. The name, including a unique assigned number for the ID and its corresponding strand (plus: plus strand; rev: reverse strand),
and the minimum free energy (MFE; kcal/mol) are shown below each structure.
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random pattern for functional IDs, even if it exists, would
be overlooked in this overall analysis.
Therefore, we integrated genome-wide transcriptional
data (Gao G, Vibranovski M, Zhang L, et al. unpublished
data)toidentify 628unannotatedexpressedIDs. Weexam-
ined how these expressed IDs were distributed among the
X chromosome and autosomes (see Materials and Meth-
ods). If IDs do function at the RNA level, we would expect
unexpressed IDs to be distributed differently between the
autosomes and the X chromosome compared with ex-
pressed IDs because nonneutral mutations on the auto-
somes and the X chromosome evolve at different rates,
thus causing an uneven distribution of functional IDs
(Charlesworth et al. 1987; Vicoso and Charlesworth 2006).
Furthermore, considering that sex-biased transcription is
subject to various contrasting forces (Ellegren and Parsch
2007; Zhang, Vibranovski, Krinsky, and Long 2010 ; Zhang,
Vibranovski, Landback, et al. 2010), we compared unbiased
IDs rather than expressed IDs with unexpressed IDs. We
found that unbiased IDs were enriched on the X chromo-
some (FET, P , 0.05, table 3). However, compared with un-
biased structural IDs, male-biased structural IDs were
underrepresented on the X chromosome (FET, P , 0.05, ta-
ble 4), whereas female-biased structural IDs were not (table
4).Asexpected,sex-biasedIDexpressionwasmainlycontrib-
utedbythereproductiveorgans.Forexample,upto88(68%)
IDs that encoded male-biased hairpin RNAs were expressed
in the testis, whereas only 42 (32%) and 48 (37%) IDs that
encoded male-biased hairpin RNAs were expressed in the
ovary and accessory gland, respectively (table 5).
The nonrandom chromosomal distribution of expressed
IDs suggests their potential functionality. We further com-
pared the expressed IDs with the unexpressed structural
IDs to identify additional signals of functionality for the for-
mer group. We found that the expressed IDs had longer
arms than the unexpressed IDs (with an average length
of 23.9 vs. 21.5, Wilcoxon rank test P 5 0.002, table 6). This
difference could be interpreted as either a bias created by
our method of detecting expressed IDs, in which longer IDs
were more likely to overlap with the expression data, or as
a result of purifying selection to maintain the structure-
dependent function of IDs. However, under the ﬁrst sce-
nario, the expressed IDs would be expected to have longer
spacers, which was not consistent with our observations
(expressed IDs vs. unexpressed IDs: 40.6 vs. 40.8, Wilcoxon
rank test P 5 0.905, table 6). Together with the minimum
length of the structural IDs (21 nt; see Materials and Meth-
ods) and the length distribution of known small regulatory
RNAs (21;23 for siRNA, Zamore et al. 2000 and ;22 for
miRNA, Bartel 2004), this evidence suggested that the ex-
pressed IDs were more likely to be functional. In other
words, the stem–loop structure is functionally important
and maintained by purifying selection.
FIG.3 .Histogram of the number of IDs derived from the locally
randomized nonrepetitive intergenic regions of 5,000 genomes
based on nucleotide composition (see Materials and Methods). The
frequency follows a distribution with mean of 7,016.3 and a standard
deviation of 85.6. The arrow on the right indicates the observed
number of IDs (20,223) in the nonrepetitive intergenic regions of
the Drosophila melanogaster genome.
FIG.4 .Intergenic chromosomal distribution of IDs. (A)I D
distribution without repeat masking. Gridded bars indicate the
percentages of observed IDs on each chromosome arm; black bars
indicate the length distributions of intergenic regions. (B)I D
distribution with repeat masking. Bars ﬁlled with slashes indicate
the percentages of simulated IDs on each chromosome arm.
Standard deviations for the number of simulated IDs are shown.
Table 1. The Chromosomal Distribution of Identiﬁed Intergenic IDs.
Autosomes X
P value Observed Expected Observed Expected
Unmasked 26,426 28,211 8,511 6,726 <2.2 3 10
216***
Masked 16,291 16,443 3,932 3,780 0.056
NOTE.—Two-tailed FET. Expected values were calculated in terms of the sequence
length in the autosomes and the X chromosome. Masked: intergenic IDs that
remained after masking repetitive genomic regions.
***P , 0.001.
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rized in ﬁgure 5.
Discussion
The D. melanogaster Genome Encodes an Excess of
IDs, Which Suggests Their Potential Functionality as
Noncoding RNAs
Our analysis revealed a signiﬁcant excess of IDs in the inter-
genic regions of the D. melanogaster genome (ﬁg. 3), which
raises the question of why they are maintained in the ge-
nome. Our analyses indicated two major reasons for the
large excess of IDs. First, the genomic environment (i.e.,
repetitive sequences) may have generated an excess of
X-linked IDs (ﬁg. 4), which suggests a mechanistic force
for ID creation. Second, purifying selection has apparently
protected expressed IDs from degeneration and eventual
deletion from the genome, owing to their functionality.
In nonrepetitive intergenic regions, the role of repetitive
sequences in creating IDs can be ignored. Furthermore,
considering the genomic instability that IDs are expected
to cause (Mizuno et al. 2009; Tanaka and Yao 2009;
Darmon et al. 2010) and the strong selection in the ﬂy
genome against deleterious mutations (Yang et al. 2008),
the excess of IDs in the ﬂy genome would be unlikely to
be maintained if they did not play functional roles. There-
fore, natural selection may act to eliminate mutations that
destroy the structures ofthese IDs. To detectpossible func-
tionsofIDs,wecomparedstructuralIDswithnonstructural
IDs and expressed IDs with unexpressed IDs.
Interestingly, the differences in arm length (table 6) and
distribution (ﬁg. 5 and table 3) between unexpressed and
expressed IDs suggest that expression is an important fac-
tor affecting the distribution and structure of IDs. Because
the expressed structural IDs that we investigated are lo-
cated in intergenic regions, they are more likely to function
at the RNA level through their encoded hairpin RNAs.
Moreover, because the hairpin RNAs encoded by these
IDs have stems longer than 20 nt (which could be pro-
cessed into miRNAs or siRNAs), they may have regulatory
functions. Additionally, most (.70%) of the structural IDs,
which have structures different from classical stem loops
(ﬁg. 2) and cannot encode any known noncoding RNAs,
might represent new types of noncoding RNAs with novel
functions.
Notably, the X chromosome is enriched for unbiased IDs
relative to unexpressed IDs (ﬁg. 5 and table 3). This pattern
mayhavesomemechanisticcause;forexample, theX chro-
mosome may be transcriptionally permissive for IDs. Fur-
ther functional study of these IDs is necessary to elucidate
why they are often X linked.
Underrepresentation of Male-Biased IDs on the X
Chromosome
Compared with IDs that encode unbiased hairpin RNAs,
IDs that encode male-biased hairpin RNAs are underrepre-
sented on the X chromosome (ﬁg. 5 and table 4), whereas
those that encode female-biased hairpin RNAs are not
(ﬁg. 5 and table 4), which suggests selection related to
sexevolution.ThedemasculinizationoftheXchromosome
for protein-coding genes has been observed in mice (Khil
et al. 2004) and ﬂies (Sturgill et al. 2007), but the mecha-
nisms involved are just beginning to be understood. The
analogous paucity of IDs that encode male-biased hairpin
RNAs on the X chromosome suggests that selective prop-
erties, rather than the consequences of mutational
Table 2. Structural and Nonstructural IDs in Nonrepetitive
Intergenic Regions Are Similarly Distributed Between the
Autosomes and the X Chromosome.
MFE Limit (kcal/mol)
Structural Nonstructural
P value Autosomes X Autosomes X
MFE £ 210 4,008 959 7,786 1,853 0.912
MFE £ 215 3,104 742 9,298 2,226 0.981
MFE £ 220 2,178 549 11,244 2,690 0.328
NOTE.—Two-tailed FET. Structural: IDs that could form stem–loop structures in
both strands, given the indicated minimum free energy (MFE) threshold.
Nonstructural: IDs that could not form stem–loop structures in either strand,
given the indicated MFE threshold. The MFE value for each ID was calculated
using RNAfold.
Table 3. Unbiased Structural IDs That Encode Hairpin RNAs Show
a Higher Enrichment on the X Chromosome Than Unexpressed
Structural IDs.
MFE £ 210 kcal/
mol
MFE £ 215 kcal/
mol
MFE £ 220 kcal/
mol
Autosomes X Autosomes X Autosomes X
Unexpressed 3,415 787 2,606 606 1,805 441
Unbiased 397 131 333 103 245 84
P value 0.001** 0.020* 0.016*
NOTE.—Two-tailed FET. Unexpressed: structural IDs with no overlap with any
transfrags. Unbiased: structural IDs that overlap with unbiased transfrags. MFE,
minimum free energy.
*P , 0.05, **P , 0.01.
Table 4. Structural IDs That Encode Male-Biased Rather Than
Female-Biased Hairpin RNAs are Underrepresented in the X
Chromosome Compared with Those That Encode Unbiased
Hairpin RNAs.
MFE £ 210
kcal/mol
MFE £ 215
kcal/mol
MFE £ 220
kcal/mol
AX P value A X P value A X P value
Unbiased 397 131 333 103 245 84
Female biased 56 15 0.558 49 13 0.749. 36 11 0.859
Male biased 135 25 0.017* 111 19 0.029* 87 13 0.009**
NOTE.—Two-tailed FET. IDs that encoded sex-biased (female-biased or male-
biased) hairpin RNAs were compared with unbiased IDs. A: autosomes; X: X
chromosome; MFE, minimum free energy.
*P , 0.05, **P , 0.01.
Table 5. Structural IDs (MFE    15 kcal/mol) That Encode Male-
Biased Hairpin RNAs Are Preferentially Expressed in the Testis.
Organ Expressed Unexpressed P value
Testis 88 42
Ovary 42 88 1.72 3 10
28***
Accessory gland 48 82 1.07 3 10
26***
NOTE.—Two-tailed FET. Male-biased IDs in the ovary and accessory gland were
compared with those in the testis. MFE, minimum free energy.
***P , 0.001.
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distribution. Three selection-based hypotheses which have
been proposed previously can explain this interesting
phenomenon: sexual antagonism (Rice 1984; Vicoso and
Charlesworth 2006), MSCI (Vibranovski, Lopes, et al.
2009; Vibranovski et al. 2010), and meiotic drive (Tao,
Araripe, et al. 2007; Tao, Masly, et al. 2007).
According to the sexual antagonism model (Rice 1984;
Vicoso and Charlesworth 2006), the ﬁxation of sex-biased
genes (either male or female biased) on the X chromosome
depends on the level of dominance of ﬁtness. Sexually
antagonistic alleles with dominant or partially dominant
advantageous effects in males and deleterious effects in
females could be accumulated on the autosomes by ﬁxa-
tion under the joint forces of selection and genetic drift. If
sexual antagonismaccountsfor theunderrepresentation of
IDs that encode male-biased hairpin RNAs on the X chro-
mosome, most mutations would be expected to be dom-
inant or partially dominant. In this case, we would also
expect IDs that encode female-biased hairpin RNAs to
be enriched on the X chromosome. However, this predic-
tion is not supported by our data (table 4 and ﬁg. 5).
According to MSCI, the X chromosome is transcription-
ally silenced during meiosis in the male, as recently dem-
onstrated (Vibranovski, Lopes, et al. 2009; Vibranovski et al.
2010). Therefore, genes that function during meiotic pro-
phaseshouldescapetheXchromosometoavoidthefateof
being functionally inactivated. Previous studies in both ﬂies
(Betran et al. 2002; Vibranovski, Lopes, et al. 2009;
Vibranovski, Zhang, and Long 2009) and mammals
(Emerson et al. 2004; Potrzebowski et al. 2008) have shown
that new gene duplicates escaped from the X chromosome
under the selective force of MSCI, as conﬁrmed by a recent
study of gene expression proﬁles at different stages in the
ﬂy testis (Vibranovski, Lopes, et al. 2009). If MSCI is respon-
sible for the paucity of IDs that encode male-biased hairpin
RNAs on the X chromosome, those IDs should be prefer-
entially expressed in the testis, where MSCI occurs. Our
observations indicate that most IDs that encode male-
biased hairpin RNAs are expressed in the testis, far more
than are expressedin the ovary or accessory gland (table5),
which suggests that MSCI might have played a role in the
evolution of male-biased IDs.
According to the meiotic drive hypothesis (Tao, Araripe,
et al. 2007; Tao, Masly, et al. 2007), there are intragenomic
conﬂicts over sex ratio because sex-linked genes would be
disproportionately represented in the next generation if
they shifted the sex ratio to more female or more male off-
spring by favoring their carrier sex chromosome. Autoso-
mal ID–induced RNA silencing has been reported to be
a mechanism that suppresses X-linked sex ratio distorters
(Tao, Araripe, et al. 2007; Tao, Masly, et al. 2007). If many
male-biased IDs have evolved to suppress potential
X-linked distorters, we would expect male-biased IDs to
be enriched on autosomes. Moreover, male-biased IDs
wouldbe expectedtobe preferentially expressedinthetes-
tis, where meiotic drive occurs, relative to other reproduc-
tive organs. Therefore, our observations are also consistent
with the meiotic drive hypothesis.
However, MSCI can be a mechanism of suppressing the
potential meiotic drivethat results fromintragenomic con-
ﬂicts over sexratiobecauseit silencestheexpression ofsex-
linked genes, including sex ratio distorters. In this case,
autosomal IDs must play other regulatory functions in
spermatogenesis. However, MSCI is often an incomplete
process. Some genes escape from the inactivation process,
thus presenting the biological issue predicted by the mei-
otic drive hypothesis. Therefore, autosomal suppressors
would still be selected for silencing the expression of sex
ratio distorters on sex chromosomes. Meanwhile, MSCI
might also be enhanced and extended to suppress the
active or newly evolved distorters (Meiklejohn and Tao
2010). Therefore, meiotic drive may facilitate the evolution
Table 6. Expressed and Unexpressed Structural IDs Have Different
Arm Lengths but Similar Spacer Lengths.
N Mean P value
Arm length
Unexpressed 3212 21.50 0.002**
Expressed 628 23.89
Spacer length
Unexpressed 3212 40.78 0.905
Expressed 628 40.57
NOTE.—Two-tailed Wilcoxon rank-sum test with continuity correction for arm
length and spacer length between unexpressed and expressed IDs.
FIG.5 .Factors associated with the distribution of intergenic IDs
between the autosomes and the X chromosome. Percentage of X-
linked IDs is the percentage of X-linked IDs in the ﬂy genome,
including the four assembled autosome arms and the X
chromosome. Three factors were tested: 1) genomic context, as
shown in the left-most two columns ﬁlled with dots (before
masking) and the two columns ﬁlled with horizontal lines (after
masking) (Unmasked: IDs in intergenic regions before masking of
repetitive regions; Masked: IDs in nonrepetitive regions where
repeats were masked; obs: observed number of IDs; and exp:
expected number of IDs based on the sequence length of the
genomic context); 2) structure, as shown in the central two
columns ﬁlled with slashes; and 3) expression, as shown in the right-
most four columns ﬁlled in with black. Six pairs of columns (linked
with lines) were compared. The asterisks above the lines show the
signiﬁcance of the differences in the comparisons. *P , 0.05, ***P ,
0.001.
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2830of and work together with MSCI, contributing to the excess
of autosomal IDs that encode male-biased RNAs.
Supplementary Material
Supplementary table S1 and ﬁgures S1–S4 are available at
Molecular Biology and Evolution online (http://
www.mbe.oxfordjournals.org/).
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